Much attention has been devoted to efforts to operate polymer electrolyte fuel cells (PEFCs) at temperatures above 100℃ in order to avoid the problem of serious CO poisoning of the anode catalyst. It is also of great con cern to operate PEFCs under low-humidity conditions, because the space and energy required for external humidi fication are eliminated or minimized in the fuel cell system. Thus, proton-conducting materials that can satisfy the above criteria have been proposed, developed, and evaluated worldwide. In particular, recent research efforts have been increasingly focusing on the design of anhydrous proton conductors, since these materials, at least in principle, do not need the presence of water as a charge carrier. We have recently found that In, Al, or Mg-doped SnP2O7 show high proton conductivities＞10 -1 S・cm -1 between 150 and 350℃ under water-free conditions. Attempts to apply these materials as electrolytes in some electrochemical devices were also made. This paper presents an overview of the current status of doped SnP2O7 with principal emphasis on the materials aspect. In addition, the benefits of intermediate-temperature fuel cells using these materials are briefly summarized in terms of cell design, electrolyte and electrode materials.
Introduction
One approach to overcome the above challenges is to develop anhydrous proton conductors capable of oper-Fuel cells have received significant recent attention ating under dry conditions and at intermediate temperaas promising alternative energy sources because of their tures above 100℃ 2) . Considerable efforts are being high energy conversion efficiencies and low emission of currently expended towards the design of such proton pollutants. Among the various types of fuel cells, conductors. Many of these proton conductors usually polymer electrolyte fuel cells (PEFCs) can operate at consist of oxyanions (SO4 2or PO4 3-), in which an oxide low temperatures (＜100℃), allowing for rapid start-up. ion joins with a proton by a hydrogen bond (Grotthuss For this reason, PEFCs are considered to be the most mechanism) 3)～11) . However, there is a temperature suitable for fuel cells in vehicular and residential appli-limitation on the use of sulfonate-based proton conduc 2- cations. However, many challenges still remain for re-tors due to thermal decomposition of the SO4 ions alizing commercialization of PEFCs 1) . Since the most above 200℃ 4) . Thus, recent attention has increasingly commonly used electrolyte in PEFCs, Nafion ® , is a focused on phosphate-based proton conductors, which hydrous proton conductor, it must maintain large quan-are stable up to 200℃ or higher 5)～11) . Various types tities of water molecules in the bulk to achieve high of phosphate-based proton conductors have been inves proton conductivities. Thus, it is necessary to operate tigated thus far, including inorganic crystals 5)～7) , glasses the fuel cell below 100℃, causing serious CO poison-(or gels) 8), 9) , and inorganic/organic composites 10), 11) . ing of Pt anode catalysts. Furthermore, it is needed to However, the proton conductivities reported were in the operate the fuel cell under highly humidified condi-range of 10 -2 S・cm -1 , which is not sufficiently high to tions, requiring complicated water management in the provide good fuel cell performance. fuel cell system. In addition, the necessity of using In recent years, various metal diphosphates (MP2O7, expensive Pt catalysts increases materials cost of the where M＝Sn 12)～19) , Ce 20) , Zr 21), 22 ) have been reported fuel cell.
to show good proton conductivity in the temperature range of 100-400℃ under unhumidified conditions. ＊ To whom correspondence should be addressed.
Of these metal diphosphates, In-12)～14),17), 18) , Al- 15) pH2O of 0.0008, 0.0062, and 0.12 atm were controlled by passing the gases through dry ice-ethanol (-72℃), ice (0℃), and warmed water (50℃) baths, respectively. and Sn0.9Mg0.1P2O7) exhibited relatively high proton conductivities, although there exists at least one order of magnitude difference in the conductivity, depending on the preparation method. These proton conductors have also been explored as electrolytes for intermediatetemperature fuel cells 23)～28) . A fuel cell using the thin Sn0.9In0.1P2O7 electrolyte membrane yielded the best power density of 264 mW・cm -2 under unhumidified hydrogen/air conditions 23) . Moreover, an attempt to apply these materials as ionomers for the cathode at intermediate temperatures was also made 29), 30) . As a result, three-dimensional networks of protons were formed in the catalyst layer, providing more active sites for the oxygen reduction reaction (ORR) than in a pure Pt/C cathode. In this paper, recent advances in the development of S n P2O7b a s e d p r o t o n c o n d u c t o r s , e s p e c i a l l y Sn0.9In0.1P2O7, are summarized. We will describe a detailed mechanism of proton incorporation and migra tion in the bulk of Sn0.9In0.1P2O7. We will also exhibit the performance of a fuel cell using Sn0.9In0.1P2O7 as an electrolyte and ionomer at intermediate temperatures.
In addition, the benefits of intermediate-temperature operation are discussed based on the CO tolerance, fuel flexibility, and energy efficiency. Figure 1 shows the temperature dependence of the AC conductivity of cubic MP2O7 (M＝Si, Ge, Sn, and Ti) in unhumidified air (pH2O＝～0.0075 atm). The conductivity increased in the order of Ge 4＋ ＜Si 4＋ ＜ Ti 4＋ ＜Sn 4＋ , which agreed with the order of electron-hole conductivity for the species (as discussed later). The DC conductivity measurements for SnP2O7, TiP2O7, and SiP2O7 were made to prove the validity of our results. The DC conductivities measured at 250℃ were 4.7×10 -2 , 4.6×10 -2 , and 1.7×10 -3 S・cm -1 for SnP2O7, TiP2O7, and SiP2O7, respectively, which were near their AC conductivities shown in Fig. 1 . Other P2O7-based tin phosphates are known, including layered SnP2O7 and amorphous Sn2P2O7. As can be seen from Fig. 1 , the conductivities of these materials were high er than those of PO4-based SnHPO4 but lower than those of cubic SnP2O7, indicating the importance of the crystalline structure, not only based on the P2O7 groups but also on cubic symmetry. These results suggest that the conductivity of SnP2O7 is related to bulk conduction rather than surface conduction, because the former is more strongly influenced by structural characteristics than the latter.
Proton Conduction of Undoped and In-doped SnP2O7

1. Mechanisms of Proton Incorporation and Migration 12),13)
SnP2O7 nominally does not contain protons in the bulk. Therefore, we attempted to clarify how this ma terial is protonated. The dependence of the overall AC conductivity of SnP2O7 on the partial pressure of oxy gen (pO2) was investigated at various pH2O values. As shown in Fig. 2 , at pH2O＝0.0008 atm, a large in crease in conductivity with increasing pO2 was ob served under oxidizing conditions (pO2＝0.21-1 atm), indicating that this material shows mixed proton and electron-hole conduction. However, such a tendency decreased with increasing pH2O. In particular, at pH2O＝0.12 atm, the conductivity was almost indepen dent of pO2, indicating the disappearance of electron holes from the bulk. It appears that there is interaction between water vapor and electron holes. The follow ing equilibrium has been proposed as a mechanism of proton incorporation in perovskite oxides such as 31) SrCe0.5Yb0.05O3-α .
The data were obtained in argon saturated with H 2 O or D 2 O vapor at 20℃. 
It is reasonable to consider that protons are formed in the SnP2O7 bulk through Reaction (1) . We similarly mea sured the electron-hole conductivity for other MP2O7 and found it to be an order of magnitude, in agreement with the proton conductivity measurements. This result supports the validity of Reaction (1) . Another important result in Fig. 2 is that almost no variation of the conductivity with pO2 under reducing conditions (pO2＝～10 -20 -10 -27 atm) was observed, excluding the reduction of Sn 4＋ and P 5＋ to lower valences. We also attempted to develop a more detailed expla nation for proton conduction in the SnP2O7 bulk. An H/D isotope effect on conductivity is helpful to clarify this point, and the results are shown in Fig. 3 . SnP2O7 yielded a 1.06-1.44 times higher conductivity and a lower activation energy of 0.03 eV for H2O-containing atmospheres than for D2O-containing atmospheres. This result can be interpreted by a nonclassic H/D iso tope effect 32) . When the dissociation of the O _ H bond is a rate-determining step for proton conduction, the activation energy for D ＋ is higher than that for H ＋ by a difference in zero point energy of 0.05 eV, which is near the difference in activation energy shown above. It is thus proposed that protons migrate via dissociation of O _ H bonds (hopping mechanism).
Effect of In Doping in Sn1-xInxP2O7 on Proton
Conduction 12),13) Figure 4 shows typical X-ray diffraction (XRD) pat terns of undoped and In-doped SnP2O7 measured at room temperature. The peaks observed for SnP2O7 were almost identical to those reported in the litera ture 33) . SnP2O7 has a cubic or pseudocubic structure, with SnO6 octahedra and P2O7 units at the corners and the edges, respectively. Sn1-x InxP2O7 with In 3＋ con tent of not more than 10 mol% showed the same pat- The samples were maintained in unhumidified air (pH 2 O＝ ～0.0075 atm). terns as those of SnP2O7 and an increasing lattice con stant with increasing In 3＋ content, 7.945 Å (1 Å＝ 10 -10 m) for SnP2O7 and 7.950 Å for Sn0.9In0.1P2O7. Sn1-xInxP2O7 with In 3＋ contents of 20 and 30 mol% contained some other unidentified peaks. It seems that the In 3＋ content of 10 mol% is the limit of substitution for In 3＋ . Proton conductivities for undoped and In-doped SnP2O7 at different temperatures in unhumidified air (pH2O＝～0.0075 atm) are shown in Fig. 5 . The con ductivity of Sn1-xInxP2O7 increased with increasing In 3＋ content and reached a maximum at In 3＋ ＝10 mol%. This In 3＋ content of 10 mol% corresponded well with the substitution limit for In 3＋ estimated from the XRD measurements. Therefore, it is concluded that the doping of In 3＋ for Sn 4＋ plays an important role in the enhancement of proton conductivity. It should be noted here that the conductivities of undoped and In-doped SnP2O7 increased monotonously with increasing tem perature, which was different from "superprotonic" behavior 34) that shows a sharp increase in the conductiv- ity of some orders of magnitude by a structural transi tion from a low-to a high-temperature phase. This is because SnP2O7 does not show such a structural transition in the temperature range of interest. Sn0.9In0.1P2O7 with the highest conductivity of 1.95× 10 -1 S・cm -1 at 200℃ was used in subsequent experi ments.
To better understand the effects of In doping, the environment of the protons in the bulk Sn0.9In0.1P2O7 was observed by Fouriere transform-infrared spectros copy (FT-IR). An IR spectrum of Sn0.9In0.1P2O7 is shown in Fig. 6 along with the spectrum for undoped SnP2O7 for comparison. In both IR spectra, some absorption bands appeared from 1560 to 3720 cm -1 , with large differences in the absorbance between the two materials. The wide absorption bands centered at 1655 and 3410 cm -1 are evidence of υ(OH) and δ(OH), respectively. The absorbance ratios of Sn0.9In0.1P2O7 to SnP2O7 were 5.2 and 5.7 for υ(OH) and δ(OH), re spectively, which are comparable to their conductivity ratio of 4.6 at 50℃ ( Fig. 5 ). While care should be taken to account for water adsorbed on the sample sur face, these results at least suggest that the absorption bands are mainly attributable to protons incorporated in the bulk. It is also likely that the protons interact with the lattice oxide ions to form hydrogen bonds.
A more quantitative measurement of the proton con centration in Sn0.9In0.1P2O7 and SnP2O7 was made by temperature-programmed desorption (TPD) of hydro gen species. The TPD spectra are shown in Fig. 7 . Water vapor and a small amount of H2 were evolved from 260 to 1050℃. The evolution of water vapor from water adsorbed on the surface of the samples cannot be neglected, especially for data at relatively low tempera tures. However, we determined the proton concentra tions in Sn0.9In0.1P2O7 and SnP2O7 by assuming that all the evolved water vapor and H2 can be attributed to the incorporated protons. The resulting proton concentra tion values were 10.4 and 2.5 mol% for Sn0.9In0.1P2O7 and SnP2O7, respectively. Note that the former value was in good agreement with the proton concentration predicted from the In 3＋ content of 10 mol%. It thus appears that the protons were fully introduced as point defects by the substitution of In 3＋ for Sn 4＋ .
Electron holes and oxygen vacancies are considered to be original positive defects in the Sn0.9In0.1P2O7 bulk. As described previously, protons are incorporated into the bulk according to Reaction (1) . Another possible reaction is the following interaction between water vapor and an oxygen vacancy
The degree of Reaction (2) cannot be entirely demon strated at this stage. However, when the proton con ductivity of Sn0.9In0.1P2O7 was measured at different pH2O values at 250℃, it slightly increased with in creasing pH2O. This result is associated with the proc ess of proton incorporation through Reaction (2) rather than (1), because the order of mobility is oxygen vacancy ＜proton＜electron hole. Therefore, Reaction (2) as well as Reaction (1) is possible mechanisms of proton incorporation.
U s e o f S n0.9I n0.1P2O7 a s E l e c t r o l y t e s f o r
Intermediate-temperature Fuel Cells 23) At the beginning of study, the electrolyte membrane was prepared by pressing Sn0.9In0.1P2O7 powders into pellets, due to the difficulty in synthesizing sintered compacts of this material. Performance of the fuel cell was evaluated under unhumidified conditions (pH2O＝ ～0.0075 atm). Figure 8 shows the cell voltage and power density versus the current density at various tem peratures. The open circuit voltages (OCVs) observed at all tested temperatures were about 920 mV, which were lower than the theoretical value of ～1.1 V. As described in the previous section, Sn0.9In0.1P2O7 was an almost purely ionic conductor in reducing atmospheres (pO2＝10 -22 -10 -3 atm), but showed mixed proton and electron-hole conduction in oxidizing atmospheres (pO2＝10 -3 -1 atm). Thus, the low OCVs are attributable to the partial electron-hole conduction in the electro lyte, causing an internal short circuit in the cell. Another possible explanation is physical leakage of gas through the electrolyte since the OCVs increased with increasing electrolyte thickness. It can also be seen from Fig. 8 that the voltage drop during discharge was less dependent on the temperature between 200 and 300℃, which is responsible for the small difference in the proton conductivity of the electrolyte under such conditions. The resulting peak power density ranged from 120 mW・ -2 at 150℃ to 152 mW・cm -2 at 250℃. Unfortunate cm ly, these power density values are substantially lower than those reported for PEFCs. One reason for this is that the ohmic resistance was as high as 1.5 Ω・cm 2 due to the use of the 1-mm thick electrolyte. Another consideration is that only the cathode was in physical contact with the electrolyte, probably resulting in a poor electrolyte/electrode inter face. Therefore, it is necessary to reduce the electro lyte thickness and to optimize the electrolyte/electrode interface.
1. A Fuel Cell Using Pressed Pellets
2. A Fuel Cell Using an Inorganic/organic
Composite Membrane 26),28) The synthesis of a dense, flexible, and heat-resistant electrolyte membrane is a crucial requirement for prac tical applications of Sn0.9In0.1P2O7. Forming hybrids of organic and inorganic materials is one of the promis ing methods that meet the above requirements, since they offer the possibility of improving mechanical and thermal properties of various difficult-to-consolidate in organic materials. Indeed, several inorganic proton conductors have been investigated using composite materials prepared by blending them with organic poly mers 8),35)～39) .
We attempted to prepare inorganic/organic hybrid composite materials based on Sn0.9In0.1P2O7. The starting materials chosen as organic components were a mixture of 1,8-bis(triethoxysilyl)octane (TES-Oct) and , which have previously been demonstrated to be excellent hybrid components 40) . Figures 9(a) and 9(b) show surface scanning electron microscope (SEM) micrographs of the composite membrane and pellet samples, respectively. As can be seen, the surface of the pellet sample was highly porous, which corresponds to the relative density value of 79.3% determined by dividing the bulk density of the sample by the theoretical density. However, the composite membrane sample was rather compact, as observed in Fig. 9(a) , suggesting that the polymer functioned as a binder at the interface. Although the distribution of Sn0.9In0.1P2O7 in the matrix is difficult to visualize by the SEM image, homogeneity ranging from several micrometers to several decades of micrometers was likely established, as will be described later.
The galvanic cell method was used for the electro chemical characterization of the Sn0.9In0.1P2O7 compos ite membrane and pellet samples. The following gal vanic cell was fabricated using each sample as an electrolyte:
H2 (1 atm ), Pt C electrolyte Pt C H 2 + Ar 0 1 . atm )
, ( Here, we used relatively thick electrolyte samples in order to reduce the influence of gas leakage through the 
The estimated proton transport numbers of the two sam ples were in the range of 0.96-0.98 for both the sam ples, indicating that the composite membranes as well as pellet are substantially pure proton conductors in H2 atmospheres. In other word, the polymer does not retard the proton transport number of Sn0.9In0.1P2O7 at all. Another galvanic cell was fabricated using the Sn0.9In0.1P2O7 composite membrane and pellet samples with varying thickness values:
H2, Pt C electrolyte Pt C , air (5) Figure 10 shows the influence of the electrolyte thick ness on the OCVs obtained for the two fuel cells at 200℃. A decrease in the OCVs with decreasing electro lyte thickness was observed for the pellet sample, implying that H2 or O2 crossover through the electrolyte increases with decreasing electrolyte thickness. In contrast, the OCVs for the composite membrane were almost independent of the electrolyte thickness. This result indicates that both H2 and O2 crossovers through the electrolyte are negligible, which is consistent with the SEM image shown in Fig. 9 . However, the OCVs for the composite membranes were approximately 970 mV, which is still lower than the theoretical value of 1.1 V. As described early, the lower OCV values are considered to be due to partial electron-hole con duction in the electrolyte. Figure 11 shows the influence of the electrolyte Both H 2 and air were unhumidified. The electrolyte thickness was 60 μm. thickness on the ohmic resistance obtained for the two fuel cells at 200℃. The ohmic resistances of the two samples roughly linearly decreased with decreasing electrolyte thickness. In particular, the composite membrane showed linearity over the thickness range from 60 to 150 μm, assuming that the Sn0.9In0.1P2O7 powders were homogeneously distributed at ～10 μm level in the matrixes. The ohmic resistance values of the composite membrane samples were always higher than those of the pellet samples at the same electrolyte thickness, reflecting the difference in the proton con ductivity for the two samples. However, we empha size that the composite membrane sample showed a rel atively low resistance of 0.24 Ω・cm 2 , while maintaining a high OCV of 986 mV, which could not be achieved for the pellet sample. Fuel cell tests were conducted using the 60 μm-thick Sn0.9In0.1P2O7 composite membrane as an electrolyte between 100 and 200℃ under unhumidified conditions (pH2O＝～0.0075 atm). The current-voltage curves of the fuel cell are shown in Fig. 12 . At all the tested temperatures, OCVs above 950 mV were obtained, and no limiting current behavior was observed at high cur rent densities. In addition, the current-voltage slopes became lower as the operating temperature increased. The peak power density thus reached 109 mW・cm -2 at 100℃, 149 mW・cm -2 at 150℃, and 187 mW・cm -2 at 200℃.
Use of Sn0.9In0.1P2O7 as Ionomers for Cathode in
Intermediate-temperature Fuel Cells 29), 30) As mentioned in the previous section, the power den sities ranging from 109 to 187 mW・cm -2 were yielded by using the 60 μm-thick Sn0.9In0.1P2O7 composite membrane. However, these power density values are much lower compared to those expected from the ohmic resistances (as an example, 0.24 Ω・cm 2 at 200℃) of the electrolyte, which could be ascribed to the large polarization resistance of the Pt/C cathode used. One of the main reasons for the poor ORR activity is thought to be the lack of proton conduction in the catalyst layer 12), 23) . The ORR occurs at the three-phase bound ary (TPB) (gas-phase/electrode/electrolyte) where all electrons, protons, and gases are available. Although liquid H3PO4 is sometimes used as an ionomer for the cathode in intermediate-temperature fuel cells, it has a serious challenge in that the Pt catalyst is subjected to corrosion 41) . Another challenge for the H3PO4 iono mer is the low oxygen permeability, increasing the po larization resistance 42) . Thus, the development of ion omers is critical to ensure successful working of intermediate-temperature fuel cells.
We proposed an approach for growing Sn0.95In0.05P2O7 particles into micron-sized agglomerates on the cathode. Our approach is based on the following: (1) Sn1-xInxP2O7 exhibits high proton conductivities between 100 and 300℃ in dry and wet conditions, (2) both SnO2 and In2O3 easily react with H3PO4 to form Sn1-xInxP2O7 with cluster sizes of several tens of nm, and (3) Sn1-xInxP2O7 is an inorganic compound with high chemical and elec trochemical stability. Actually, the XRD peaks of the Pt _ Sn0.95In0.05P2O7/C powders obtained was assigned to SnP2O7 and Pt structures and no other metal oxide peaks were observed. In addition, the mean particle size of Sn0.95In0.05P2O7, estimated using the Scherrer formula, was found to be 62 nm, which is considerably s m a l l e r t h a n t h e ～500 n m s i z e e s t i m a t e d f o r Sn0.95In0.05P2O7 prepared by a solid-state reaction of SnO2, In2O3, and H3PO4 without any added carbon. Although the particle size of Pt could not be estimated from the XRD data due to the low resolution, transmis sion electron microscope (TEM) showed that the parti cle sizes of Pt were in the range of 3-7 nm. Therefore, it is evident that both Sn0.95In0.05P2O7 and Pt nano particles were successfully grown on the carbon sup port.
The microstructure of the Pt _ Sn0.95In0.05P2O7/C pow ders is shown in Fig. 13 , including the data for the Pt/C ＋H3PO4 and Pt/C＋Sn0.95In0.05P2O7 cathodes. By comparing the micro-structures among the three cata lyst powders, it was seen that there were several mi cron-sized agglomerates of Sn0.95In0.05P2O7 primary par ticles in the Pt/C＋Sn0.95In0.05P2O7 matrix ( Fig. 13(b) ) and several hundreds of nanometer sized agglomerates o f S n 0 . 9 5 I n 0 . 0 5 P 2 O 7 p r i m a r y p a r t i c l e s i n t h e Pt _ Sn0.95In0.05P2O7/C matrix (Fig. 13(c) ). Moreover, the agglomerates of Sn0.95In0.05P2O7 primary particles were more homogeneously and closely connected with each other in the Pt _ Sn0.95In0.05P2O7/C matrix, compared to those in the Pt/C＋Sn0.95In0.05P2O7 matrix. A TEM image of the Pt _ Sn0.95In0.05P2O7/C is shown in Fig. 13(d) .
It is observed that the primary particle sizes of Sn0.95In0.05P2O7 and Pt were about 80 and 5 nm, respec tively, wherein the Pt particles were deposited not only on the carbon but also on the Sn0.95In0.05P2O7 primary particles. The SEM and TEM observations suggest that t h e a r e a o f t h e T P B i s m u c h l a r g e r f o r t h e Pt _ Sn0.95In0.05P2O7/C than for the Pt/C＋Sn0.95In0.05P2O7.
The above suggestion was examined by measuring the cathodic properties of the Pt _ Sn0.95In0.05P2O7/C. Figure 14(a) shows the Tafel plots of the overpotential for the different cathodes, including Pt _ Sn0.95In0.05P2O7/ C, Pt/C, Pt/C ＋ H3PO4, and Pt/C ＋ Sn0.95In0.05P2O7, at 200℃. The overpotential decreased on the order of P t / C＞P t / C＋S n0.95I n0.05P2O7＞P t / C＋H3P O4＞ Pt _ Sn0.95In0.05P2O7/C. This same order was also observed at 150 and 250℃. The Tafel slopes estimated for the four cathodes are shown in Table 1 . The Pt _ Sn0.95In0.05P2O7/C cathode showed the smallest Tafel slope among the four cathodes. This means that the charge transfer in the ORR was considerably improved by the dispersion of Sn0.95In0.05P2O7 on the carbon sur face, which is due to an enhanced turnover rate of Pt or an increased number of the reaction site. In order to clarify which factor is more important, we determined the exchange current densities for the four cathodes by using
where η is the overpotential, R is the gas constant, F is Faraday's constant, n is the number of exchanged elec trons, α is the transfer coefficient, and i and i0 are the current density and exchange current density, respec tively. The Arrhenius plots of the i0 value for the four cathodes are shown in Fig. 14(b) . The apparent acti vation energies, Ea, for the four cathodes obtained from their slopes were close to one another ( Table 1) , sug gesting that the same reaction mechanism for the ORR was operating at the four cathodes. We consider that the differences in the i0 values among the four cathodes arise from the differences in the frequency factor, A ( Table 1) . It is reasonable to consider that the A value reflects the number of reaction sites at the cathode, which are responsible for the microstructure of the TPB in the cathode. On the basis of the above consideration, the high activity of the Pt _ Sn0.95In0.05P2O7/C cathode for the ORR can be attributed to the large area of the TPB provided by the Sn0.95In0.05P2O7 nanoparticles.
Advantages of Intermediate-temperature Fuel
Cells over Conventional PEFCs: fuel flexibility 5. 1. Reformed Gas 23) Serious CO poisoning of the anode catalyst was con sidered to be avoided at temperatures above 200℃. CO tolerance tests were conducted by supplying hydro gen or a mixture of 5 or 10% CO and hydrogen to the anode chamber at 250℃. The anode performance was clearly not influenced by the presence of CO; the AC impedance spectra were maintained a polarization resis tance of 0.4 Ω・cm 2 regardless of the presence of CO. It was also found that the polarization resistance at 100 and 200℃ in the presence of 10% CO were about 25 and 1.8 times larger, respectively, than the values at the same temperatures in pure hydrogen. This tempera ture dependence on CO poisoning is roughly in agree ment with theoretical studies on CO tolerance at high temperatures 43) . These results indicate that the present fuel cell has excellent CO tolerance for external reformerbased applications, wherein the CO concentration in the outlet gases from conventional reformers is usually 10%. Therefore, the present fuel cell would eliminate the need for using a CO removal unit (water-gas-shift and CO preferential oxidation reactors). 26) DME is regarded as a promising alternative fuel due to its advantages in terms of production and storage. Especially, DME can be produced from various re sources, including fossil and biomass fuels. A direct DME fuel cell was investigated by using Pt/C and PtRu/ C anodes between 150 and 300℃. For both the anodes, the OCV commonly increased with increasing tempera ture and reached about 800 mV at 200℃ or higher. However, there was a large difference in the cell perfor mance between them; the peak power densities obtained at 300℃ were 41 mW・ -2 and 78 mW・cm -2 for the Pt/C and PtRu/C, respectiv cm ely. It has been reported that the use of PtRu/C anodes improves the performance of Nafion-based DME fuel cells, as compared to the Pt/C anode 44),45) . In these studies, the improvement was mainly attributed to the bifunctional effect, where the Ru activates the water molecule to form OH species and oxidize poisonous species such as CO. In the present case, however, the effect of the Ru addition does not appear to be due to the bifunctional effect because no CO poisoning occurred on the Pt catalyst at intermediate temperatures, as described early. The GC analysis of the anode outlet gas showed that the amount of hydro gen generated over the PtRu/C anode in the open circuit was considerably higher than that over the Pt/C anode. Thus, the effect of the added Ru on the anode reaction is attributable to the activated reforming reaction of DME and the subsequent electrochemical oxidation of the produced hydrogen.
2. Dimethly Ether
3. Hydrocarbons 28)
Well-to-wheels (WTW) analyses are necessary to evaluate fuel cell systems since the energy benefits of introducing hydrogen strongly depend on the choice of hydrogen production pathways. The benefits of fuel cell vehicles using hydrogen as fuel are not so great if hydrogen is produced from fossil fuels. This is mainly owing to the energy loss in reforming hydrocarbon with steam at high temperatures. Direct utilization of hydro carbons in fuel cells can be expected to improve the WTW efficiency significantly. The development of direct hydrocarbon fuel cells using PEFCs have also been attempted, but operating temperatures below 100℃ are too low to achieve sufficiently high reaction activity at the anode 46), 47) .
We investigated various anode catalysts for direct hydrocarbon fuel cells operating at intermediate tem peratures; Pt/C (1.0-7.0 mg Pt cm -2 ) and MxC/C (M＝ Mo, W, Nb, V, and Ti, 30 mg MxC cm -2 ). Polarization measurements were carried out by supplying the fuel chamber with a mixture of propane and water vapor, where the following reaction proceeded:
Although the Mo2C/C anode exhibited the best perfor mance for propane oxidation among transition metal carbides, the performance of Mo2C/C was still some what inferior to that of Pt/C with 4.0 or higher Pt mg・ -2 cm . Our previous study showed that the hydrogen oxidation activity of Mo2C was improved by impregnat ing a molybdenum salt along with a zirconium salt and then carburizing the impregnated sample in the same manner as Mo2C, where the added Zr species was pres ent as ZrO2 24) . ZrO2-modified Mo2C/C had a similar effect on hydrocarbon oxidation (Fig. 15) ; the overpotential for propane oxidation decreased with increas ing ZrO2 content and reached a minimum at a Mo2C : ZrO2 weight ratio of 0.8 : 0.2. The minimum overpotential value was 60 mV at 50 mA・cm -2 , which was approximately one-third of the overpotential of untreated Mo2C/C. The Scherrer formula for the XRD profile was applied to estimate the Mo2C particle size, which was seen to attain a minimum at a Mo2C : ZrO2 weight ratio of 0.8 : 0.2 (Fig. 15) . It is likely that excessive sintering of Mo2C during carburization is inhibited in the presence of ZrO2, resulting in the significantly im proved catalytic activity of Mo2C toward propane oxi dation. Fuel cell tests were performed using propane as fuel between 100 and 300℃ ( Fig. 16(a) ). The OCVs in creased with temperature until 200℃ and then slightly decreased with temperature. Moreover, the voltage drop was greatly reduced by elevating the temperature. The resulting peak power density reached 53 mW・cm -2 at 300℃. Note that there is not a large difference in peak power density between the Mo2C _ ZrO2/C and Pt/ C (7 mg Pt cm -2 ) anodes; the peak power density for Pt/ C at 300℃ was 60 mW・cm -2 . The comparison of cell performance among the hydrocarbon fuels was also conducted at 300℃ ( Fig. 16(b) ). While the OCVs ranged between 790 and 850 mV for all the hydrocar bon fuels, the voltage drop was depended quite strongly on the hydrocarbon species; the voltage drop decreased in the order butane＜propane＜ethane＜methane. This order corresponded to the anode overpotential order observed at the same temperature. Thus, the present fuel cell yielded its highest peak power density of 55 mW・cm -2 when using butane as the fuel. This suggests that higher hydrocarbon fuels are more desir able for the operation of this fuel cell, which is suited to transport applications since such fuels are easily stored. 
Summary
SnP2O7 has a cubic structure with SnO6 octahedra and P2O7 units at the corners and the edges, respectively. Such closely packed P2O7 units can provide many pro ton bonding sites. However, SnP2O7 nominally does not contain protons in the bulk, wherein electron holes are original positive defects. In our studies, it was found that protons were incorporated into the bulk by an interaction between water vapor and electron hole. The protons interacted with the lattice oxide ions to form hydrogen bonds and migrated along a channel formed from the SnO6 octahedra and the PO4 tetrahe dra. Continuing improvements of SnP2O7 as an elec trolyte material, some effective methods of enhancing the proton conductivity and the mechanical strength were proposed. As a consequence, In-doped SnP2O7 could provide high proton conductivities above 0.1 S・ cm -1 between 100 and 300℃ in unhumidified atmo spheres. Also, the addition of organic binders (TES-Oct, (THS)Pro-SO3H, and PTFE) to Sn0.9In0.1P2O7 reduced the conductivity but increased the tensile strength. The resulting hydrogen/air fuel cell generated OCVs above 950 mV, which was almost independent of the electrolyte thickness. The peak power density reached 189 mW・cm -2 at 200℃ under unhumidified conditions. Moreover, some advantages of the present fuel cell over conventional PEFCs were demonstrated. The cell performance was little affected by the presence of even 10% CO at 250℃. This fuel cell could also use directly DME or hydrocarbons, including methane, ethane, propane, and butane, as the fuels. Finally, we describe that SnP2O7-based proton conductors are also investigated for use as electrolytes in other applications. For instance, an electrochemical reactor using a PtBa/C cathode was used to reduce NOx to N2 at 250℃ in an oxidizing atmosphere 48) . This material also showed good potential for use as an electrolyte for NOx 49) and H2 gas sensors 50) . More recently, this material was (a) T＝100-300℃, fuel＝7 vol% propane and 42 vol% water vapor, flow rate＝60 ml ・min -1 , total pressure＝1 atm. (b) T＝300℃, fuel＝7 vol% methane and 14 vol% water vapor, 7 vol% ethane and 28 vol% water vapor, 7 vol% propane and 42 vol% water vapor, and 7 vol% butane and 56 vol% water vapor, flow rate＝60 ml ・min -1 , total pressure＝1 atm. found to show high catalytic activity for selective cata lytic reduction of NOx using hydrogen 51) or hydro carbon reducing agents 52) . 
